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I 
摘要 
聚对苯二甲酸丁二醇酯（PBT）具有良好的力学性能和电性能且吸水率低，
在较高温度下依然能保持其机械性能稳定，使其在汽车零部件、光纤电缆和电子
电器中等领域得到广泛应用。但由于纯 PBT 存在阻燃性较差的缺点，燃烧过程
中还存在熔融滴落，因此需要对其进行阻燃改性以满足更加严苛的应用要求。传
统含卤素阻燃剂虽然效果好，可是被引燃后会产成有毒物质，使用范围受到限制。
建立新型无卤、具有产业化潜力的 PBT 阻燃体系已成为科研工作者关注的研究
热点之一。 
本文以常见工业原料亚磷酸二乙酯、9,10-二氢-9-氧杂-10-磷杂菲-10-氧化物
（DOPO）和 4,4'-二氨基二苯甲烷（DDM）作为反应物，制备出两种含磷、氮元
素的磷酰胺类化合物 DDMDEP 和 DDMDOPO，并将其用于 PBT 树脂的阻燃改
性研究，探究了自制的磷酰胺化合物在不同添加量下对材料性能的影响。通过引
入 DDMDEP，制备了 DDMDEP 和 AlPi 复配改性 PBT 材料，探究了 DDMDEP
和 AlPi 比例对 PBT 各项性能的影响。本文具体工作内容如下： 
1．通过 Atherton-Todd 反应，制备出两种磷酰胺类化合物 DDMDEP 和
DDMDOPO，产率分别为 89 %和 72 %。通过红外光谱（FTIR）、核磁共振波谱
（1H-NMR 和 31P-NMR）和液相色谱-质谱联用（LC-MS）等分析手段对其进行
表征，确定了化学结构。TGA 测试表明，DDMDEP 和 DDMDOPO 在 PBT 的加
工温度下能保持化学结构稳定。 
2. 以 DDMDEP 作为 PBT 的改性剂，设计了 DDMDEP/PBT 阻燃体系，并
研究了 DDMDEP 对 PBT 热性能、阻燃性能和力学性能的影响。TGA 测试表明，
引入 DDMDEP 对 PBT 树脂的热稳定性影响较大，添加 15 %的 DDMDEP 将使
材料的 Td（初始降解温度）下降到 317 oC，Tmax（最大热降解温度）下降到 373 
oC。DDMDEP 对提高 PBT 氧指数帮助不大，却能大大提高了 PBT 成炭率，15 %
添加量的 DDMDEP 改性后的 PBT 成炭率是改性前的 2.3 倍。从炭层的 SEM 图
中看出，DDMDEP 促使 PBT 形成外部致密，内部多孔的炭层结构，在 PBT 降
解过程同时发挥气相和凝聚相的阻燃作用，仅需添加 6 %的 DDMDEP 就能解决
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PBT 树脂的熔滴问题。PBT 基体在引入 DDMDEP 后，体系脆性提高，各项力学
性能均有不同程度的降低，但是降幅都不大。 
3. 制备了 DDMDOPO 阻燃改性的 PBT 树脂，研究了 DDMDOPO 在不同添
加量下对 PBT 基体热性能、阻燃性能和力学性能的影响。DDMDOPO 对 PBT 基
体的热稳定性影响较小，15 %添加量 DDMDOPO 改性的 PBT 材料的 Tmax 和纯
PBT 树脂相当，但氧指数却有显著的提高，达到 35.3 %。氧指数结果和残炭的
SEM 形貌表明，DDMDOPO 在 PBT 基体中主要通过气相发挥阻燃效果，其改性
的 PBT 树脂成炭率较低，在燃烧过程中存在熔滴现象，垂直燃烧等级仅能达到
V-1 级。DDMDOPO 由于分子刚性较大，和 PBT 基体间的相容性不佳，
DDMDOPO/PBT 体系的各项力学性能比纯 PBT 下降较多。 
4．研究了商业化阻燃剂 AlPi 对 PBT 性能的影响。研究表明，AlPi 对 PBT
有较好的阻燃效果，但是改性后的 PBT 树脂成炭率不高、炭层不连续，存在熔
滴现象，阻燃等级达不到 V-0 级。我们在 AlPi/PBT 阻燃体系的基础上，引入促
进成炭的 DDMDEP 阻燃剂，制备了 DDMDEP 和 AlPi 复配改性 PBT。研究结果
表明，添加总量为 15 %时，DDMDEP 含量提高，PBT 的氧指数降低，但体系具
有更好的成炭行为和更高的残炭率。当 DDMDEP/AlPi 比例为 1:4 时，改性 PBT
树脂的氧指数达到 29.4 %，燃烧时不存在熔滴现象，UL-94 等级提高到 V-0 级，
炭层内部为蜂窝状结构，外部为致密炭层，能有效发挥屏障作用。此时，改性
PBT 的各项力学性能下降不多，拉伸强度为 39.63 MPa，缺口冲击强度为 3.3 
KJ/m2，材料的综合性能较好。 
 
关键词：Atherton-Todd 反应；磷酰胺类化合物；协同阻燃；PBT 
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Abstract 
PBT is a kind of resin with excellent mechanical performances, good electronic 
properties and low absorption of water. Also it can maintain its mechanical properties 
at high temperatures. However, for its poor fire retardancy, such as melting drops, low 
LOI as well as little carbon residue, the application of PBT in the fields of electronics 
and automobiles has been limited heavily. Although traditional flame retardants 
containing halogen are effective as fire retardant, toxic substance will form during the 
combustion of those compounds, which has prohibited the widespread of the flame 
retardants of this kind. So, to establish the halogen-free, suitable to be industrialized 
PBT flame retardant system becomes one of the most concerned research. 
In this paper, two compounds of phosphoramide had been prepared with common 
chemical materials: diethyl phosphite, DOPO and DDM. They were applied in the 
flame retardance modification research of PBT resin. The effect of the concentration 
of two flame retardants in the properties of PBT had been explored furtherly. 
Moreover, the DDMDEP/AlPi/PBT composites were prepared and the effect of the 
ratio between DDMDEP and AlPi on the properties of PBT was studied. These 
specific works content are as follow: 
1. The compounds of phosphoramide, which contain phosphorus and nitrogen 
elements, were successfully prepared by the Atherton-Todd reaction, of which the 
yield are 89 % and 72 %, respectively. The chemical structures were confirmed by the 
characterization of FTIR, 1H NMR、31P NMR and LC-MS. The results of the TGA 
showed that the chemical structure of DDMDEP and DDMDOPO were stable at the 
temperature of processing. 
2. By utilizing DDMDEP as a modifying agent, DDMDEP/PBT flame-retardant 
system was prepared and we had studied influences of DDMDEP to PBT in thermal 
stability, flame retardancy and mechanical properties. Introduction of DDMDEP had a 
big effect on PBT, the Td of composites reduced to 317 ℃ and Tmax reduced to 
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373 ℃ when the additive amount of DDMDEP is 15 %. Although the introduction of 
DDMDEP rarely improved LOI values of composites, but the char residual of 
composites with 15 % DDMDEP advanced 2 times than that of pure PBT. Char layer 
of composites were analyzed by SEM, the results showed that DDMDEP helped to 
form a char structure which had a closely external and a porous inner. The special 
char structure took both the gas and condensed phase flame retardancy during the 
degradation of PBT. The molten drops of PBT during burning was well solved when 
the additive mass of DDMDEP reached to 6 %. However, the introduction of 
DDMDEP made composites more brittle and the mechanical properties of composites 
were reduced slightly to vary degrees at the same time. 
3. We prepared DDMDOPO/PBT composites and studied the influences of 
DDMDEP to PBT of thermal stability, flame retardancy and mechanical properties. 
DDMDOPO made a small effect on the thermal stability of PBT but had a big effect 
on PBT result in increasing LOI value. The Tmax of 15 %DDMDOPO/PBT composites 
was similar to pure PBT and its LOI value reached 35.3 %. From the results of the 
LOI test and SEM images, we found that DDMDOPO can act as gas phase flame 
retardanct during the degradation of PBT. DDMDOPO/PBT composites had molten 
drops during burning and the char residues were little. As for the rigid structure of 
DDMDOPO, the compatibility between DDMDOPO and PBT was bad which 
resulted in the poor mechanical properties of composites. 
4. We had studied the influences of commercial fire retardant, AlPi to PBT of 
materials’ properties. The research showed that AlPi had a good fire rerardancy with 
PBT but with few char residue, incontinuous char structure and molten drops FR-PBT 
couldn’t reach a V-0 rating. We prepared DDMDEP/AlPi/PBT system in which 
DDMDEP and AlPi served as synergistic fire retardant. The research results showed 
that when the additive amount of fire retardants reached to 15 %, the more DDMDEP 
you added, the lower LOI value you got but the structure and amount of char would 
be better. When the ratio of DDMDEP and AlPi was 1:4 the LOI values of composites 
were 29.4 % and the UL-94 class reached a V-0 rating without melten drops. Also the 
modified PBT formed a char structure which had a closely external and a porous inner 
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which could act as an effective barrier during degradation. And the mechanical 
properties of these fire retardant PBT reduced slightly when the tensile strength was 
39.63 MPa and notch impact strength was 3.3 KJ/m2. So under this ratio the 
comprehensive performance of the modified PBT is the best. 
 
Keywords: Atherton-Todd reaction; Compounds of phosphoramide; synergistic flame 
retardant; PBT
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